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assembles and T cell activation ensues (Bromley et al.,presenting cells (APCs). We show that Vav1 controls
2001). Failure to form the immune synapse results inintegrin-mediated adhesion of thymocytes and T cells
reduced or ablated T cell activation (Dustin and Cooper,to ECM proteins and ICAM1 following TCR stimulation.
2000).In a peptide-specific system, Vav1 is required for T cell
High-avidity/affinity modulation of integrins via anti-adhesion to peptide-loaded APCs. Intriguingly, TCR-
gen receptors, growth factor receptors, and chemokineinduced cell adhesion and aggregation of integrins
receptors occurs through a process known as “inside-occurs independent of WASP. Whereas LFA-1 and ac-
out signaling” of integrins (Dedhar, 1999). In lympho-tin caps colocalize in wasp/ T cells in response to
cytes, the TCR signaling activates integrins by inducing
TCR stimulation, loss of WASP uncouples TCR caps
integrin clustering, which increases integrin avidity for
from actin patches. Our data reveal a novel role for its ligand (Dustin and Springer, 1989; Kucik et al., 1996;
Vav1 and WASP in the regulation of TCR-induced in- Sanchez-Mateos et al., 1996; van Kooyk and Figdor,
tegrin clustering and cell adhesion and show that in- 2000). Overexpression and pharmacological inhibitor
tegrin and TCR clustering are controlled by distinct studies have demonstrated that PI3Ks, Rho family
pathways. GTPases, and cytoskeletal integrity are key communica-
tors between TCR signaling and integrin activation
Introduction (Keely et al., 1998; Kolanus and Seed, 1997; Schwartz
and Shattil, 2000). Rho family GTPases are activated by
Integrins are one of the major families of molecules that guanine nucleotide exchange factors (GEFs). The Rho
mediate cell-cell interactions and cell-matrix interac- family GEF, Vav1, is activated by membrane recruitment
tions. Adhesion of lymphocytes to cellular ligands or by products of PI3K via its PH domain and subsequent
matrix proteins is a fundamental process for lymphocyte phosphorylation by Src and Syk family kinases (Aghaza-
development, migration, and activation (van Kooyk and deh et al., 2000; Han et al., 1998). Vav1 acts upstream
Figdor, 2000). During thymic education, thymocytes of the Wiscott Aldrich Syndrome Protein (WASP) to regu-
journey through specialized regions of the thymus where late cytoskeletal reorganization following TCR stimula-
contact with epithelial cells and matrix proteins dictates tion. In addition, TCR clustering and immune synapse
formation are dependent on the Vav1/WASP signaling
pathway (Fischer et al., 1998; Holsinger et al., 1998;8 Correspondence: jpenning@amgen.com
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Krawczyk et al., 2000; Snapper et al., 1998; Wulfing et development and activation of T cells (Marlin and
Springer, 1987; Chen et al., 1999; Dustin, 1998; Shimizual., 2000). Although both Vav1 and WASP regulate cy-
toskeletal reorganization and the cytoskeleton is neces- et al., 1999; Van Seventer et al., 1990). To examine this
more specific interaction, recombinant ICAM-1 wassary for integrin function, it is not known whether Vav1
and WASP regulate integrin activation and cell adhesion. plated on 96-well plates, and TCR-induced adhesion
of thymocytes was assessed. The vav1/ thymocytesHere, we show that Vav1 links TCR signaling to integ-
rin high-avidity modulation. In the absence of Vav1, thy- were induced to bind to recombinant ICAM-1 following
both anti-CD3 and PMA treatment (Figure 1D). This bind-mocytes have reduced ability to bind ECM proteins and
ICAM-1 in an integrin-dependent manner. Moreover, ing could be blocked with Abs specific to LFA-1 (data
not shown). Again, vav1/ thymocytes could not be in-vav1/ thymocytes and peripheral T cells show defects
in high-avidity conjugate formation with peptide-loaded duced to bind ICAM-1 following anti-CD3 stimulation
(Figure 1D). These data show that Vav1 is essential forAPCs and LFA-1 clustering. Surprisingly, although
wasp/ T cells displayed impaired TCR clustering, these inside-out signaling and TCR-triggered cell adhesion in
thymocytes.cells show normal cell adhesion, conjugate formation,
and LFA-1 clustering. Therefore, our data reveal a novel A functional cytoskeleton is important for adhesion
mediated by integrins. Consistent with the publishedrole for Vav1 in the regulation of TCR-induced integrin
clustering and cell adhesion, which is independent of literature, binding of both vav1/ and vav1/ thymo-
cytes to EMC proteins or ICAM-1 was inhibited afterWASP.
disruption of the actin cytoskeleton with Cytochalasin
B (Cyt. B) (Figure 1E). To rule out that the thymocytesResults
were binding the plate itself and not the plated proteins,
adhesion assays were performed in the presence ofVav1 Controls Thymocyte Adhesion following
polyclonal antibodies (Abs) specific to the plated pro-TCR Stimulation
teins. The presence of the Ab to the plated protein pre-To examine the role of Vav1 in TCR-induced integrin
vented both the vav1/ and vav1/ thymocytes fromavidity modulation, vav1/ and vav1/ thymocytes
binding the ECM proteins (Figure 1E). To exclude thewere analyzed for their ability to adhere to ECM proteins
possibility that the differences seen between vav1/following anti-CD3 treatment. In our assay, the majority
and vav1/ thymocytes were due to differential expres-of cells (90%) of each genotype that bound to the
sion of cell surface adhesion molecules or antigen re-plates were CD4CD8 thymocytes (determined by
ceptors, and/or activation receptors, the expression lev-FACS; data not shown). vav1/ CD4CD8 thymocytes
els of the LFA-1 subunitL and the1,2, and3 integrinshowed significant induction of the ability to adhere to
subunits were assessed by FACS analysis and werefibronectin, laminin, collagen type IV, and vitronectin
not significantly different (data not shown). Althoughfollowing anti-CD3 treatment (Figure 1A). Whereas basal
differences exist in mature single-positive populationsadhesion to BSA and ECM proteins was similar between
between vav1/ and vav1/ thymocytes, thymi fromvav1/ and vav1/ thymocytes, anti-CD3 stimulation
vav1/ and vav1/ mice contain similar percentages ofof vav1/ CD4CD8 thymocytes did not result in en-
CD4CD8 thymocytes (Fischer et al., 1998; Holsingerhanced adhesion to fibronectin, laminin, collagen type
et al., 1998; Turner et al., 1997). However, since vav1/IV, or vitronectin (Figure 1A). These results show that
DP thymocytes show reduced CD3 expression (FigureVav1 is critical to communicate the TCR signal to avidity
1F), we stimulated these cells with increasing doses ofmodulation of integrins in thymocytes.
anti-CD3. Importantly, even high anti-CD3 doses (10g/In order to rule out that the defect seen in the vav1/
ml) did not induce significant adhesion in vav1/ thymo-thymocytes was due to a differentiation defect or intrin-
cytes (data not shown). Thus, our data demonstrate thatsic defects in the integrins and their ability to bind their
Vav1 links TCR signaling to cytoskeletal reorganizationligand, vav1/ thymocytes were treated with PMA and
leading to integrin activation and adhesion of thymo-Mg2. PMA bypasses TCR-proximal signaling events,
cytes.and has been shown to activate integrins (Pardi et al.,
1992). Mg2 cations bind directly to the metal ion-depen-
dent adhesion site (MIDAS) in the extracellular I domain Defective Adhesion of vav1/ Peripheral T Cells
To extend our findings in vav1/ thymocytes to periph-of the  integrin subunit and triggers cell adhesion inde-
pendent of a stimulus (Giancotti, 1997; Kucik et al., eral T cells, we purified lymph node T cells from vav1/
and vav1/ littermate mice. Similar to thymocytes, TCR1996). When treated with PMA, vav1/ and vav1/ thy-
mocytes adhered to the ECM proteins at comparable stimulation of vav1/ peripheral T cells results in in-
creased adhesion to ECM proteins and recombinantlevels (Figure 1B). Therefore, the defect in TCR-induced
adhesion in the vav1/ thymocytes is due to a defect ICAM-1 (Figure 2A and data not shown). By contrast,
TCR stimulation of purified peripheral T cells fromin TCR-proximal signaling events, and at least the PMA-
regulated cellular machinery of vav1/ thymocytes for vav1/ mice failed to induce adhesion to ECMs or
ICAM-1 (Figure 2A and data not shown). As seen withinside-out signaling is intact. Moreover, vav1/ thymo-
cytes responded normally following treatment with Mg2 thymocytes, vav1/ peripheral T cells showed restored
adhesion to fibronectin when treated with Mg2. To rule(Figure 1C), indicating that the inability of vav1/ thymo-
cytes to adhere to ECM proteins was not due to a defect out a delayed response in the vav1/ T cells, adhesion
of vav1/ and vav1/ T cells was analyzed followingin integrins per se.
Interactions between the 2 integrin LFA-1 and its various incubation times. vav1/ T cells did not show
significant levels of adhesion following longer incuba-ligand ICAM-1 have been shown to be important for
Vav1 Regulates Adhesion
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Figure 1. Vav1 Is Important for Thymocyte Adhesion
(A–E) Adhesion assays. 4  105 thymocytes were treated in triplicate with anti-CD3 (2 g/ml) (A), PMA (100 ng/ml) (B), Mg2 (5 mM MgCl2 
1 mM EGTA) (C), Cytochalasin B (2 g/ml) (E), wortmannin (100 nM) (E), or in the presence of polyclonal antibodies to the plated proteins (10
g) (E) and allowed to adhere to ECM proteins (A–C and E) or recombinant mICAM-1 (D). Cell adhesion was determined as described in
Experimental Procedures. Results are presented as percent increase over untreated controls 	 SD. Results are representative of five indepen-
dent experiments. Adhesion between vav1/ and vav1/ thymocytes in response to anti-CD3 stimulation is significantly different (p 
 0.05).
Fn, Fibronectin; Ln, Laminin; Vn, Vitronectin; Cn, Collagen IV.
(F) CD3 surface expression levels of vav1/ and vav1/ CD4CD8 thymocytes.
tion periods (Figure 2B). In addition, we did not see blocked the ability of both vav1/ and vav1/ thymo-
cytes to bind to the ECM-coated plates, demonstratingany effect on adhesion in the presence of anti-CD28
stimulation, suggesting CD28 activation has little effect the importance of PI3K signaling for TCR-induced ad-
hesion by integrins (Figures 1E and 2C and data noton adhesion in these assays (Figure 2B). To examine
the role of PI3K in this assay, T cells were pretreated shown). It should be noted that peripheral vav1/ T cells
also show slightly reduced CD3 expression (Figure 2D).with wortmannin (WT), a PI3K inhibitor, at the indicated
concentrations. At high concentrations, WT completely Similar to our data in vav1/ thymocytes, vav1/ T cells
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Figure 2. vav1/ Peripheral T Cells Show Defects in Adhesion
(A) Lymph node T cells were purified from vav1/ and vav1/ mice, and adhesion assays were performed on fibronectin as described in
Figure 1. Results are presented as percent increase over untreated samples 	 SD. Anti-CD3 precoat indicates anti-CD3 plated on plates
along with fibronectin. Results are representative of three independent experiments. Adhesion between vav1/ and vav1/ LN T cells in
response to anti-CD3 stimulation is significantly different (p 
 0.05).
(B and C) Effect of CD28 stimulation (B) and wortmannin (C) on adhesion. Cells were stimulated with anti-CD3 (2 g/ml) in presence or absence
of anti-CD28 (1 g/ml) and adhesion determined at various time points up to 30 min. The effect of wortmannin was tested over various
concentrations.
(D) CD3 expression in vav1/ and vav1/ lymph node T cells.
did not inducibly adhere following stimulation with in- class I (Db) (Pircher et al., 1989). A peptide derived from
an adenovirus protein, AV (SGPSNTPPEI), has similarcreased doses of anti-CD3 (10 g/ml) (data not shown).
affinity to Db alleles but has no detectable affinity to theThus, similar to thymocytes, our data provide evidence
P14 TCR (Pircher et al., 1989). The AV peptide also doesthat Vav1 controls inside-out signaling and TCR-modu-
not induce functional T cell responses and is used aslated integrin changes and cell adhesion in peripheral
a nonspecific peptide control. Thymocytes from P14T cells.
vav1/ and P14 vav1/ mice were mixed with EL4 APCs
loaded with either AV or p33 peptides, and conjugate
vav1/ Thymocytes Cannot Inducibly Form formation between CD4CD8 thymocytes and APCs was
Peptide-Specific Conjugates with APCs analyzed by FACS (Figure 3A). When treated with AV,
The observation that vav1/ thymocytes could not in- conjugate formation was comparable to that when no
ducibly bind ICAM-1 suggested that vav1/ thymocytes peptide was given (data not shown). In the presence of
may not be able to form tight conjugates with APCs. To p33, conjugate formation increased in both CD4CD8
address whether Vav1 has a role in peptide-specific cell thymocytes (Figure 3B, top panel) and CD8 peripheral
adhesion between T cells and APCs, we established T cells (Figure 3B, bottom panel), demonstrating a pep-
an experimental system to analyze conjugate formation tide-specific response that is dependent on TCR-medi-
between T cells and APCs in the presence or absence ated signaling. In addition, using sulfofluorescein-loaded
of agonist peptide. vav1/ mice were bred into the P14 EL4s and staining with CD8-APC in peripheral T cells,
TCR background to generate P14 vav1/ and P14 we could demonstrate that the conjugates were actually
vav1/ mice. The P14 TCRV8V2 transgene is specific EL4:CD8 conjugates and not CD8:CD8 clusters (Figure
for the lymphocytic choriomeningitis virus (LCMV) glyco- 3C). Data on conjugate formation obtained using FACS
was confirmed histologically (data not shown).protein p33 (KAVYNFATM) in association with MHC
Vav1 Regulates Adhesion
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Figure 3. Peptide-Specific Conjugate Assay
(A) EL4 antigen-presenting cells (APCs) and thymocytes are distinguishable by their size differences detectable in the FSC/SSC profiles. The
larger cells (third panel) are gated on (G1) and analyzed for the presence of CD8CD4 staining cells (fourth panel). In the presence of peptide,
thymocytes/T cells do not fall into the large gate.
(B) vav1/ thymocytes and peripheral T cells show inducible conjugate formation in response to agonist peptide p33. In all panels, conjugates
were gated as shown (A). p33-loaded EL4s show increased conjugate formation with thymocytes (top panels) and peripheral T cells (bottom
panels) over those loaded with AV. Numbers represent the % EL4s conjugated with CD4CD8 thymocytes (top) or CD8 peripheral T cells
(bottom).
(C) Large CD8 entities are EL4:CD8 conjugates and not CD8 clusters. EL4s were loaded with 100 M sulfofluorescein for 1 hr. Cells are
gated as shown in (A). CD8 expression was visualized by anti-CD8-APC Ab. As illustrated, the number of CD8:EL4 conjugates increases
(upper right quadrant) when presented with p33 peptide. Results are comparable to procedure used in (B).
P14 vav1/ CD4CD8 thymocytes displayed an in- peptide p33 (Figures 3B and 4A). By contrast, there
was little difference in the number of conjugates formedcrease in the numbers of CD4CD8 thymocyte:APC
conjugates when the APCs were loaded with the specific when P14 vav1/ thymocytes were presented with p33
Immunity
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Figure 4. Defective Peptide-Specific Conjugate Formation in the Absence of Vav1
(A–C) Peptide-specific adhesion between P14 CD4CD8 thymocytes from vav1/ or vav1/ and APCs. EL4 APCs were loaded with 106 M
of p33 or AV peptide. Values indicated are percent of APCs that have formed conjugates with P14 CD4CD8 thymocyte 	 SD. Conjugates
were monitored over different peptide doses (B) and time (C). Results are representative of three independent experiments. Differences in
adhesion to APCs between P14 vav1/ and P14 vav1/ thymocytes are significant at all peptide doses and time points (p 
 0.05).
(D) Expression levels of LFA-1 and TCRV2 on CD8CD4 thymocytes.
(E) Defective conjugate formation of vav1/ thymocytes is not due to a differentiation defect. Peptide-specific adhesion between APCs and
P14 CD4CD8 thymocytes from vav1/, vav1/, and 2M/ mice was analyzed as in (A).
(F and G) Peptide-specific adhesion between APCs and thymocytes depends on integrins. Conjugate assays were performed in the presence
of anti-1,2,3 integrin antibodies (1 g/sample), Cytochalasin B (Cyt. B, 2 g/ml), Mg2 (5 mM MgCl2  1 mM EGTA), or isotype controls. UT
is untreated control. Results are representative of three independent experiments.
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compared to AV (Figures 3B and 4A). In addition, vav1/ avidity conjugates with APCs (Figure 5A). Interestingly,
vav1/ P14 T cells expressed elevated levels of 1, 2,CD4CD8 thymocytes showed little ability to form con-
jugates with APCs over varying peptide doses and over and LFA1 (Figure 5E). Approximately 30% of the vav1/
T cells did not express normal levels of the transgenictime, suggesting that conjugate formation is not simply
delayed (Figures 4B and 4C). TCRV2 chain (Figure 5E); however, when comparable
numbers of CD8V2high cells were added for bothTo control for differences in maturation stage between
vav1/ and vav1/ thymocytes, P14 vav1/ CD4CD8 vav1/ and vav1/ samples, vav1/ T cells failed to
form significant numbers of conjugates (data notthymocytes were compared to P14 2M/ vav1/
CD4CD8 thymocytes for their ability to form conju- shown). Thus, the defect in conjugate formation is not
due to the level of V2 expression but rather due to agates with peptide-loaded APCs. As reported pre-
viously, P14 vav1/ and P14 2M/ mice have compara- defect in responding to agonist peptide.
ble blocks in thymocyte maturation and similar levels of
TCR expression (Kong et al., 1998; Figure 4D). Similar Antigen Receptor-Induced Cell Adhesion
to P14 CD4CD8 vav1/ thymocytes, P14 2M/ Is Independent of WASP
CD4CD8 thymocytes inducibly made conjugates with The Vav1-WASP signaling pathway is a crucial activator
p33-loaded APCs (Figure 4E). As well, baseline adhesion of cytoskeletal remodeling and antigen receptor cluster-
of CD4CD8 thymocytes to non-peptide-loaded APCs ing following TCR stimulation (Fischer et al., 1998; Hol-
were comparable between P14 vav1/, P14 vav1/, singer et al., 1998; Krawczyk et al., 2000; Snapper et
and P14 2M/ mice. Thus, differences in maturation al., 1998). Cytoskeletal changes induced by Rho family
stage between P14 vav1/ and P14 vav1/ CD4CD8 GTPases are essential for integrin activation, and inhibi-
thymocytes do not likely account for the inability of P14 tion of the actin-cytoskeleton with Cyt. B blocks TCR-
vav1/ thymocytes to inducibly form conjugates with triggered adhesion changes and peptide-induced con-
p33-loaded APCs. jugate formation between T cells and APCs (Figures 1E
Peptide-specific conjugate formation is dependent on and 4F). Thus, we tested whether, similar to Vav1, WASP
cytoskeletal reorganization, as treatment with Cyt. B is essential for TCR-induced inside-out signaling and
blocks peptide-inducible but not baseline conjugate for- cell adhesion using wasp/ T cells. Contrary to vav1/
mation (Figure 4F). Furthermore, when treated with T cells, wasp/ T cells show normal TCR-induced adhe-
Mg2, both P14 vav1/ and P14 vav1/ thymocytes sion to fibronectin (Figure 5B). Concurrently, peripheral
formed conjugates with APCs regardless of which pep- T cells from P14 wasp/ mice were able to inducibly
tide, AV or p33, was loaded (Figure 4F). These data form conjugates with p33-loaded APCs to similar ex-
indicate that both cytoskeletal reorganization and integ- tents (Figure 5C) and with similar kinetics (data not
rin function are essential for conjugate formation. How- shown) as P14 wasp/ T cells. In addition, wasp/
ever, to further determine if peptide-specific adhesion T cells showed normal conjugate formation over de-
was mediated by integrins, conjugate formation be- creasing peptide concentration (Figure 5D). Expression
tween P14 vav1/ thymocytes and APCs was per- levels of 1, 2, and 3 integrin subunits and CD3, V2,
formed in the presence of blocking antibodies to 1, TCR, andL are shown in Figure 5E. Thus, TCR-induced
2, and 3 integrins. Whereas anti-LFA-1 (2) antibody changes in cell adhesion are dependent on Vav1 but
treatment partially blocked the induction of conjugate can be genetically uncoupled from WASP expression.
formation in the presence of p33, addition of all three
antibodies reduced peptide-induced conjugate forma- Integrin Clustering and TCR Clustering
tion (Figure 4G). It should be noted that in some experi- Are Regulated by Distinct Pathways
ments, a reduction was also seen in baseline adhesion Inside-out signaling by receptors such as the TCR leads
(data not shown). Expression levels of the 1, 2, and to integrin clustering, which effectively increases the
3 integrin subunits and L were comparable among avidity for its ligand (Dedhar, 1999; Dustin and Springer,
vav1/ and 2M/ DP thymocytes (Figure 4D and data 1989; Kucik et al., 1996; Sanchez-Mateos et al., 1996;
not shown). These results show that conjugate formation van Kooyk and Figdor, 2000). Integrin clustering has
between a thymocyte and a peptide-loaded APC is sta- been shown to be dependent on cytoskeletal reorgani-
bilized by integrin-mediated adhesive interactions. In zation (Schoenwaelder and Burridge, 1999; van Kooyk
addition, cell adhesion induced by agonist MHC/peptide and Figdor, 2000). We and others have previously shown
complex is dependent on Vav1. that both Vav1 and WASP regulate cytoskeletal reorga-
nization leading to TCR clustering (Fischer et al., 1998;
Holsinger et al., 1998; Snapper et al., 1998; Zhang etVav1 Is Crucial for Peripheral T Cell:APC
Conjugate Formation al., 1999). Since wasp/ T cells appear to have normal
adhesiveness following TCR stimulation (Figures 5B–Although a significant block in T cell development is
seen in the vav1/ mice, vav1/ T cells do mature and 5D), we therefore analyzed the efficiency of integrin clus-
tering in wasp/ and vav1/ T cells. Purified T cells wereare present in the periphery (Fischer et al., 1998; Hol-
singer et al., 1998; Turner et al., 1997). Similar to vav1/ stimulated with anti-CD3 and analyzed by fluorescent
immunohistochemistry for TCR and LFA-1 clusteringthymocytes, P14 vav1/ T cells show an impaired ability
to inducibly bind p33-loaded APCs as compared to and actin patch formation.
Wild-type T cells clustered both their integrins andvav1/ T cells (Figure 5A). Again, conjugate formation
in peripheral wild-type T cells is dependent on integrin TCRs following stimulation (Figure 6A, left panels).
vav1/ T cells showed defects in TCR clustering, integ-adhesion, as blocking antibodies to1, 2, and3 integ-
rins reduced the number of T cells that could form high- rin clustering, and actin patch formation (Figure 6A, mid-
Immunity
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Figure 5. Defects in Adhesion and Conjugate Formation in vav1/ but Not wasp/ Peripheral T Cells
(A) Peptide-specific adhesion between APCs and P14 lymph node T cells from P14 vav1/ and vav1/ mice. Conjugate assays were performed
as described above. Results are presented as % APCs which have formed conjugates with a P14 CD8 T cells	 SD. Results are representative
of three independent experiments. Differences in adhesion to APCs between P14 vav1/ and P14 vav1/ thymocytes are significant (p 

0.05).
(B) Peripheral T cells were purified from lymph nodes of wasp/ and wasp/ mice and adhesion assays performed on fibronectin. Results
are presented as % increase over untreated samples 	 SD and are representative of three independent experiments. Levels of adhesion are
not significantly different between wasp/ and wasp/ T cells (p  0.05).
(C and D) Peptide-specific adhesion between APCs and P14 peripheral T cells from vav1/, vav1/, and wasp/ mice. Conjugates were
allowed to form at a peptide concentration of 106 M (C) or monitored over decreasing peptide concentrations (D). Results are presented as
% APCs which have formed conjugates with P14 CD8 T cell 	 SD. Results are representative of three independent experiments.
(F) Surface expression levels of 1, 2, and 3 integrin subunits and CD3, V2 TCR subunit, TCR, and LFA-1 on CD8 lymph node T cells
from vav1/, vav1/, and wasp/ mice.
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Figure 6. TCR Clustering and LFA-1 Clustering Are Regulated by Distinct Signaling Pathways
(A) TCR and LFA-1 clustering. T cells were purified from vav1/, vav1/, and wasp/ lymph node T cells and incubated with anti-CD3
(1 g/ml) followed by crosslinking with biotinylated anti-hamster IgG at 37C for 30 min. CD3 and LFA-1 surface expression and actin patch
formation using phalloidin were visualized as described in Experimental Procedures. Original magnifications  320. Right panels show mean
percentages (% 	 SD) of T cells that have formed phalloidin patches or polarized LFA-1 and TCR caps. At least 500 cells were counted for
each sample using fluorescence microscopy. Results are representative of three independent experiments. The numbers of T cells showing
LFA-1 clustering between vav1/ and vav1/ T cells are significantly different (p 
 0.05).
(B) Phosphorylaton of Pyk2 in vav1/, vav1/, and wasp/ lymph node T cells. Purified T cells (2  106 /lane) were incubated with 5 g/2 
106 cells of anti-CD3 or plated on fibronectin- or anti-LFA-1-coated plates. Active Pyk2 was detected using Abs specific for phosphorylated
tyrosine residue 881. Levels of total Pyk2 protein are shown.
dle panels). Intriguingly, despite significantly decreased colocalize with the phalloidin patch and appear to have
random organization (Figure 6A, right panels). By con-TCR clustering, wasp/ T cells showed virtually normal
integrin clustering (Figure 6A). In vav1/ T cells, LFA-1 trast, LFA-1 caps in the wasp/ T cells did colocalize
with actin patches. Despite reported roles for WASP incaps and the TCR cap/patches colocalized in most
cases with the actin patch (Figure 6A). However, in actin polymerization, we saw only a slight reduction in
actin patch formation in the wasp/ T cells. However,wasp/ T cells, although TCR patches and caps are
evident, albeit in reduced numbers, they often do not it must be indicated that actin content cannot be quanti-
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fied using our method of actin patch staining, and there- site, the immune synapse forms, which is an organized
assembly of receptors and signaling molecules requiredfore our results do not rule out a deficit in actin content
for T cell activation (Bromley et al., 2001). Since forma-in wasp/ T cells. These results illustrate that although
tion of the immune synapse involves a relatively largeVav1 regulates cytoskeletal reorganization for both TCR
area of weak avidity interaction between the clusteredclustering and integrin clustering, WASP function is re-
TCRs and the MHC/peptide complexes, high-avidity in-quired for TCR polarization only and there must be other
teractions between integrins and their ligands are re-pathway(s) downstream of Vav1 which regulate integrin
quired to maintain the T cell:APC conjugate.clustering. Moreover, whereas LFA-1 and actin caps
Previous studies aimed at understanding the regula-colocalize in wasp/ T cells in response to TCR stimula-
tion of integrins by the intracellular signaling moleculestion, loss of WASP uncouples TCRs caps from actin
have been performed in cell lines using overexpressedpatches.
and dominant-negative proteins. Molecules such as
PI3K, Rho family GTPases, PKCs, Rap1, Itk, and Fyb/Impaired Pyk2 Phosphorylation
Slap have been identified in such studies to have rolesPyk2 (proline-rich tyrosine kinase-2, also known as
in regulating integrin activity (Cary et al., 1999; Dedhar,RAFTK, CAK, CADTK, and FAK2), a focal adhesion
1999; Griffiths et al., 2001; Hunter et al., 2000; Petersonkinase, is highly expressed in T cells and is inducibly
et al., 2001; Shimizu, 2000; Woods and Shimizu, 2001).phosphorylated downstream of the TCR and integrins
However, only limited evidence exists on the signaling(Avraham et al., 2000). Pyk2 phosphorylation is thought
pathways that control inside-out signaling and the com-to be important for function and to correlate with integrin
munication between the TCR and integrins in primaryactivation; therefore, we analyzed the activation of Pyk2
T cells. We describe a experimental system, which is ofin vav1/ and wasp/ peripheral T cells. vav1/,
practical use to analyze genetically targeted primaryvav1/, and wasp/ T cells were stimulated with anti-
T cells for peptide/MHC-dependent inside-out signalingCD3, anti-LFA-1, or plate-bound fibronectin, and Pyk2
and cell adhesion. Moreover, by using primary T cellsphosphorylation on tyrosine residue 881 was analyzed
deficient in signaling components predicted to be in-using a phosphotyrosine 881 (pTyr881)-specific antibody.
volved in integrin activation in T cells, integrin activationTCR-induced Pyk2 phosphorylation, which is indicative
can be further defined at the molecular level.of active Pyk2 (Lev et al., 1995), was seen in response
Loss of Vav1 in mutant mice results in impaired lym-to both TCR and integrin stimulation in vav1/ T cells
phocyte function at many levels, exemplifying its impor-(Figure 6B). Although Pyk2 activation/phosphorylation
tance in lymphocyte signal transduction and function.was also seen in the wasp/ T cells, the levels of Pyk2
In particular, loss of Vav1 results in impaired cytoskeletalphosphorylation were sometimes slightly reduced from
reorganization following TCR stimulation, resulting inthat seen in WT T cells (Figure 6B). However, Pyk2 phos-
defective TCR capping and T cell activation (Fischer etphorylation was absent in vav1/ T cells in response to
al., 1998; Holsinger et al., 1998; Wulfing et al., 2000).both TCR and integrin stimulation (Figure 6B). These
Our study shows that vav1/ T cells have defects indata show that TCR-mediated cell adhesion changes
the ability to inducibly bind ECM proteins or form high-correlate with activation of Pyk2. Moreover, our data
avidity conjugates with peptide-loaded APCs. Thus, itshow that Vav1 might have an important role in outside-
is conceivable that one factor contributing to the defectin signaling of integrins.
in immune synapse formation in vav1/ T cells is the
inability to induce integrin high-avidity modulation and
Discussion thus increased adhesion to APCs. vav1/ mice show
defects in cytotoxic activity, T-dependent antigen hu-
Our results establish a novel role for Vav1 and WASP in moral responses, T cell activation, and lymphocyte infil-
TCR-induced LFA-1 clustering and cell adhesion. In the tration as measured by foot pad swelling, all processes
absence of Vav1, thymocytes and peripheral T cells can- that require integrin-mediated activity for complete re-
not adhere in an integrin-dependent manner to ECM sponsiveness (Bachmann et al., 1999; Fischer et al.,
proteins and APCs presenting agonist MHC/peptide 1998; Holsinger et al., 1998; Kong et al., 1998). The defect
complexes. Intriguingly, WASP is important for TCR in inside-out signaling following TCR stimulation likely
clustering; however, WASP is dispensable for integrin contributes to the phenotype seen in the vav1/ mice.
clustering and function. vav1/ peripheral T cell adhesion can be restored upon
Integrins have crucial roles for many aspects of lym- addition of PMA or Mg2, indicating that a T cell proximal
phocyte function. In lymphocytes, TCR signaling can signaling defect is resulting in impaired adhesion. WASP
increase integrin mobility in the membrane and integrin is associated with cytoskeletal remodeling proteins and
polarization, which increases integrin avidity for its li- acts downstream of Vav1 in TCR clustering. However,
gand (Dustin, 1998; van Kooyk and Figdor, 2000). This wasp/ T cells surprisingly show normal integrin-medi-
activation of integrins by the TCR is crucial for the forma- ated adhesion and normal conjugate formation with ago-
tion of high-avidity conjugates between a T cell and an nist peptide-loaded APCs. Our data indicate that Vav1-
APC. When a T cell encounters an APC, the larger-sized regulated integrin function is independent of WASP.
integrins make the initial contact with ligands on the However, whether Vav1 regulates integrin function
APC (Anton van der Merwe et al., 2000; Dustin and Coo- solely by inducing cytoskeletal reorganization and/or by
per, 2000; Grakoui et al., 1999). Upon detecting an ago- an alternative function is unknown.
nist MHC/peptide complex, the TCR induces signals, As with TCRs, polarization and clustering of LFA-1
which activate the integrins, and a stable contact site can be observed when T cells are stimulated with anti-
CD3. Intriguingly, although clustering of both LFA-1 andis formed between the T cell and the APC. At this contact
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Figure 7. Schematic of Pathways that Con-
trol TCR Clustering and Integrin Clustering
Please see Discussion.
TCRs are both dependent on cytoskeletal reorganiza- molecules such as Vav1 to coordinate TCR clustering
would be interesting to determine. Moreover, since Vav1tion, our data show that clustering of integrins and for-
mation of TCR and actin patches can be regulated by appears to act downstream of both integrins and the
TCR, one could speculate that integrins can directlyseparate signaling cascades. Induction of LFA-1 cluster-
ing and TCR clustering are both regulated by Vav1. How- influence proximal TCR signaling.
ever, WASP expression is not necessary for integrin
clustering, and actin patch formation was found to occur
Conclusionsregularly in wasp/ T cells following anti-CD3 stimula-
Activated integrins are crucial for the formation of stabletion. In both wild-type and wasp/ T cells, these actin
contacts between T cells and APCs and are importantpatches colocalize with integrin clusters. However,
for T cell activation. Here, we show that Vav1 controlswhereas in wild-type T cells actin patches colocalize
integrin-mediated binding of thymocytes and peripheralwith TCRs aggregates, the clustering of the TCRs in the
T cells to ECM proteins and recombinant ICAM1 follow-wasp/ T cells was significantly reduced. Intriguingly,
ing TCR stimulation. In a peptide-specific system, Vav1loss of WASP uncouples the colocalization of TCRs clus-
was shown to be required for T cells to inducibly adhereters from actin patches.
to peptide-loaded APCs. However, WASP, although im-Our data predict two cytoskeletal reorganization sig-
portant for TCR clustering, is dispensable for integrin-naling pathways downstream of Vav1, one which regu-
mediated activity. Our data reveal novel roles for Vav1lates TCR capping via WASP and the other which regu-
and WASP in the regulation of inside-out signaling oflates integrin clustering via a yet unidentified signaling
integrins and cell adhesion, and further characterize keycomponent (Figure 7). It is impossible to exclude the
signaling pathways that control clustering of receptorsfact that Vav1 is also important for outside-in signaling
in T cells.of integrins. vav1/ T cells, when stimulated with anti-
LFA-1 and fibronectin, showed defects in Pyk2 phos-
phorylation indicating that signaling downstream of in- Experimental Procedures
tegrins is defective in the vav1/ T cells. In addition,
Vav1 has been shown to be activated downstream of Mice
vav1/, wasp/, and 2M/ mice have been described (Fischerintegrins, making it a likely candidate for integrin-medi-
et al., 1998; Snapper et al., 1998; Teh et al., 1988). Mice were geno-ated signaling. Therefore, the severity of the defect in
typed by PCR and Southern blotting, and absence of proteins wasthe vav1/ cells may be due to a combined effect of
confirmed via Western blotting with Abs specific to Vav1 (Upstate)
inefficient inside-out and outside-in signaling of integ- and WASP (kind gifts of K. Siminovitch and A. Abo). P14 TCR Tg
rins. Whether integrins facilitate TCR clustering by sim- mice bred onto the vav1/ and wasp/ background were generated
in our laboratory. If not otherwise stated, only 6- to 8-week-oldple mechanical aid or whether they signal directly to
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littermate mice were used in all experiments. All mice were housed Pyk2pY881 (BIOSOURCE). Pyk2 levels were determined using an anti-
Pyk2 Ab (Transduction Laboratories).according to institutional guidelines.
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